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Introduction
Recently we reported novel Rh(I) complexes which were able to cleave C-Cl bonds of reagents such as dichloromethane, chloroform, benzyl chloride, and R,Rdichlorotoluene by oxidative addition. 1 By employment of N-N-N nitrogen ligands of the type 2,6-(C(R 1 )dN-R 2 ) 2 C 5 H 3 N (R 1 ) H, R 2 ) i-Pr, t-Bu, cyclohexyl, and p-anisyl; R 1 ) Me, R 2 ) p-anisyl and i-Pr), we succeeded in preparing very nucleophilic and very reactive Rh(I) complexes via reaction of [RhCl(alkene) 2 ] 2 (alkene ) cyclooctene or ethene) with the above N-N-N ligands. The molecular structures of [RhCl(2,6-(C(R 1 )dN-R 2 ) 2 C 5 H 3 N)] (R 1 ) H, R 2 ) i-Pr, t-Bu; R 1 ) Me, R 2 ) i-Pr) were determined by X-ray analysis. Interestingly, by increasing the steric bulk of R 1 and R 2 , the equatorial chloride atom was bent increasingly out of the plane of the molecule, while the nitrogen ligand remained bonded in a terdentate fashion. This distortion of the Cl-atom out of the coordination plane could be correlated with very large shifts of the 103 Rh resonances to high parts per million values owing to changes in the molecular orbital sequence. 2 In this context, it should be noted that while we were unable to incorporate ethene or cyclooctene in the product, alkene-containing rhodium complexes with phosphine ligands have been reported, e.g., by Burgess et al. 3 and Binger et al. 4 The Rh(III) complexes [RhCl 2 (R 3 )(2,6-(C(R 1 )dN-R 2 ) 2 C 5 H 3 N)] (R 3 ) CH 2 Cl, CHCl 2 , CH 2 Ph, CHClPh, and Cl) resulting from reactions of the Rh(I) complexes with the appropriate substrates show the expected six-coordinate geometry. However, for R 1 ) Me and R 2 ) i-Pr, it was shown by variable temperature 1 H NMR experiments that in solution there is an equilibrium between a six-coordinate Rh(III) species and an unusual five-coordinate Rh(III) form which contains a bidentate bonded N-N-N ligand and is the dominant species at higher temperatures. Molecular modeling of the complexes with R 1 ) Me, R 2 ) i-Pr, and R 3 ) CH 2 Cl, CHCl 2 , CH 2 Ph, CHClPh, and Cl based on the data of the X-ray structures of [RhCl(2,6-(C(R 1 )dN-R 2 ) 2 C 5 H 3 N)] (R 1 ) H, R 2 ) i-Pr, t-Bu; R 1 ) Me, R 2 ) i-Pr) and [RhCl 2 (CH 2 Cl)(2,6-(C(H)dN-R 2 ) 2 C 5 H 3 N)] (R 2 ) i-Pr and cyclohexyl) showed steric interactions between the methyl groups of the i-Pr group (R 2 ) and the methyl group (R 1 ) and between the i-Pr (R 2 ) methyl groups and the chloride atom(s) or the phenyl substituent of the R 3 group. For R 1 ) Me and R 2 ) i-Pr this led to the formation of the five-coordinate Rh(III) complexes.
In order to shed more light on the intimate pathways by which the complexes [RhCl(2,6-(C(R 1 )dN-R 2 ) 2 C 5 H 3 N)] are formed from Rh(I)-alkene complexes, we directed our attention to substitution reactions of [RhCl(diene)] 2 (diene ) 1,5-cyclooctadiene (COD) or bicyclo[2.2.1]hepta-2,5-diene (NBD)) with the N-N-N nitrogen ligands 2,6-(C(R 1 )dN-R 2 ) 2 C 5 H 3 N (R 1 ) H, R 2 ) i-Pr, t-Bu, and p-anisyl; R 1 ) Me, R 2 ) i-Pr and p-anisyl). To facilitate the characterization of the intermediate species, we have studied the reaction of the N-N nitrogen ligands 2-(C(H)dN-R 2 )-6-(Me)C 5 H 3 N (R 2 ) i-Pr, t-Bu, and p-anisyl) and 2,2′-bipyrimidine with [RhX(NBD)] 2 (X ) Cl, OTf). The results show that the substitution reactions, the intermediates, and the dynamic behavior of the intermediates critically depend on both the alkene and the substituents R 1 and R 2 of the N-N-N ligand.
Experimental Section
All experiments were carried out in a dry nitrogen atmosphere using standard Schlenk techniques. Benzene, diethyl ether, tetrahydrofuran (THF), and pentane were distilled before use from sodium/benzophenone, dichloromethane and chloroform were distilled from calcium hydride, and acetone was distilled from KMnO 4/Na2CO3. Molecular sieves, 3 Å, were activated at 180°C in vacuo for 24 h. Deuterobenzene was dried over sodium and stored under nitrogen. Deuterated chlorinated solvents were dried with molecular sieves, 3 Å, and stored under nitrogen. The 1 H and 13 C NMR spectra were recorded on a Bruker AMX 300 or AC 200 spectrometer. The spectra were indirectly referenced to TMS using residual solvent signals. Fast atom bombardment mass spectrometry (FABMS) was carried out by the Institute for Mass Spectroscopy of the University of Amsterdam using a JEOL JMS SX/ SX102A four-sector mass spectrometer coupled to a JEOL MS-7000 data system. The samples were loaded in a matrix solution (nitrobenzyl alcohol) onto a stainless steel probe and bombarded with xenon atoms with an energy of 3 keV. During the high-resolution FABMS measurements, a resolving power of 5000 (10% valley definition) was used. CsI and/or glycerol was used to calibrate the mass spectrometer. Elemental analyses were carried out by Dornis und Kolbe, Mikroanalytisches Laboratorium, Mü lheim a.d. Ruhr, Germany, and by our Institute. The conductometric experiments were carried out with a Consort K 720 conductometer equipped with a Philips PW 9512/00 conductometric cell in a closed glass vessel.
2,2′-Bipyrimidine (bpm, 1) and AgOTf (OTf ) trifluoromethanesulfonate) were obtained from Aldrich and used as ) i-Pr (5), t-Bu (6), and p-anisyl (7); R 1 ) Me, R 2 ) i-Pr (8) and p-anisyl (9)), [RhCl(COD)] 2 6 (COD ) 1,5-cyclooctadiene), and [RhCl(NBD)] 2 6 (NBD ) norbornadiene ) bicyclo[2.2.1]hepta-2,5-diene) were synthesized according to literature procedures. The ligands were purified by either sublimation or crystallization, depending on the ligand.
[Rh(bpm)(NBD)]OTf (10). To a solution of 0.0660 g of [RhCl(NBD)] 2 (1.4 × 10 -4 mol) in 5 mL of dichloromethane was added 0.0737 g of AgOTf (2.9 × 10 -4 mol). The resulting suspension was stirred for 1 h and subsequently filtered giving a clear yellow solution. A solution of 0.366 g of bpm (1, 2.8 × 10 -4 mol) in 5 mL of dichloromethane was added giving a redbrown precipitate, which was filtered off, washed with dichloromethane (4 × 5 mL), and dried in vacuo. Yield: 0.10 g of 10 (85%). The complex is black-brown and dissolves only very slightly, even in polar solvents. The analysis is slightly off owing to solvent incorporation. However, the FABMS measurement is conclusive.
Anal H NMR spectra were measured on the same solution to which 2 equiv of free bpm ligand (1) had been added. As the signals of the coordinated and noncoordinated bpm had coalesced, intermolecular exchange of bpm appeared to occur. It was unfortunately not possible to study the kinetics of the reaction, owing to insolubility of 10.
Synthesis of [Rh(2-(C(H)dN-R 2 )-6-(Me)C5H3N)(NBD)]-OTf (R 2
) i-Pr (11), t-Bu (12), and p-Anisyl (13)). A representative synthesis is given for complex 11. [RhCl-(NBD)] 2 (0.0946 g, 2.05 × 10 -4 mol) was added to 0.11 g of AgOTf (4.3 × 10 -4 mol) in 20 mL of dichloromethane. The resulting suspension was stirred for 1 h and subsequently filtered giving a clear yellow-orange solution to which 80 µL of the N-N ligand 2 (0.073 g, 4.5 × 10 -4 mol) was added. Dichloromethane was evaporated in vacuo giving a sticky residue, and after the residue was washed with diethyl ether (3 × 5 mL) and cold THF (2 × 1 mL) and dried in vacuo, the product was isolated as a red powder. Yield: 0.174 g (84%). The yield of 12 was 70% and that of 13 was 85%. Anal. Calcd for C 18H22F3N2O3RhS (11) 2Cl2 (0.55 mL). 1 H NMR spectra were recorded at 183 and 263 K. Subsequently, variable temperature 1 H NMR spectra were recorded on the same solutions to which 1.0 µL of the free N-N ligand 2 (0.93 × 10 -3 g, 0.58 × 10 -5 mol) had been added. Similar measurements were carried out after adding excess free N-N ligand 2 as follows: 1.2 µL (0.71 × 10 -5 mol, 1.0 equiv), 1.5 µL (0.84 × 10 -5 mol, 1.8 equiv), and 1.7 µL (1.0 × 10 -5 mol, 2.5 equiv). It was found that intermolecular exchange of the free ligand took place. The reciprocal lifetime (1/τ) values at 263 K were calculated by using the line widths of the Me (H5, Scheme 1) signal of complex 11 as a function of the free ligand concentration at 263
c ) 0.011, 1/τ ) 8.8; c ) 0.023, 1/τ ) 19.5; c ) 0.039, 1/τ ) 34.9; c ) 0.057, 1/τ ) 51.5. These 1/τ values were also calculated by using the line widths of the Me (H5) signal of 
Synthesis of [RhCl(2-(C(H)dN-R 2 )-6-(Me)C5H3N)(NBD)] (R 2
) i-Pr (14), t-Bu (15), and p-Anisyl (16)). A representative synthesis is presented for complex 16. To a solution of 0.025 g of [RhCl(NBD)] 2 (5.0 × 10 -5 mol) in 1 mL of dichloromethane was added a solution of 0.021 g of 4 (10 × 10 -5 mol) in 1 mL of dichloromethane at 195 K. After the red solution was warmed to room temperature, dichloromethane was evaporated giving a sticky residue, which was washed with benzene (3 × 1 mL) and pentane (3 × 1 mL). The resulting red powder, was dried in vacuo. Yield: 0.036 g (7.8 × 10 -5 mol, 78%). The yield of 14 is 75% and that of 15 is 85%.
Anal 1 H NMR spectra were recorded at 183, 204, and 298 K. After 0.0010 g of the N-N-N ligand 6 (4.1 × 10 -6 mol) was added, 1 H NMR spectra were recorded at the same temperatures. The addition of free ligand had no effect on the widths and positions of the 1 H NMR signals of 18 showing the absence of intermolecular ligand exchange. Formation of [RhCl(2,6-(C(H) 8 in the range 11 < θ < 14°. The unit cell was checked for higher lattice symmetry. 9 Crystal data and details on collection and refinement are presented in Table  1 . An empirical correction for absorption was done with DIFABS 10 for both complexes. The structures were solved by automated Patterson/Fourier techniques (DIRDIF92). 11 The structures of F 2 were refined by full-matrix least-squares techniques (SHELXL93). 12 Hydrogen atoms were taken into account at calculated positions except for those on C(22), C(23), C (25) , and C(26) for 14, that were located from a difference map, and their positional parameters were refined. The 
Study of the in Situ
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Synthesis and Characterization of [Rh(2-(C(H)dN-R 2 )-6-(Me)C 5 H 3 N)(NBD)]OTf (R 2
) i-Pr (11), t-Bu (12), and p-Anisyl (13)). Complexes 11-13 have been synthesized in quantitative yield in dichloromethane by reaction of the corresponding N-N ligands 2-4 with [RhOTf(NBD)], which was prepared from [RhCl(NBD)] 2 and AgOTf (Scheme 1). Coordination of NBD and the N-N ligands could be inferred from the chemical shift differences between the free and coordinated ligands (Table 2-5). The complexes 11-13 could not be stored longer than 1 day, owing to decomposition.
At 183 K, as expected, the nonequivalent olefinic hydrogen atoms H(12 a ) and H(12 b ) of 11 (Scheme 1) have been observed as two signals, since 11 has C s symmetry, while at 195 K, the signals of H(12 a ) and of H(12 b ) have coalesced. The nonequivalent olefinic hydrogen atoms could only be observed as separate signals when the compound and the solvents were completely pure as traces of acetone or Cl -accelerated the exchange. The ∆G q of the exchange process, as calculated at the coalescence temperature, is 37 ( 2 kJ/ mol (see the Experimental Section).
It is important to note that on the imine hydrogen H(4) of complexes 11-13 a 3 J( 1 H-103 Rh) coupling constant in the range of 2.1-2.6 Hz has been observed (Table 4 ). The 103 Rh-13 C{ 1 H} coupling constants for C(12) and C(13) of 11-13, for C(14) of the NBD ligand for complex 11, and for C(6) in the case of complexes 11 and 13, even at room temperature, corroborate the intramolecular nature of the exchange (Table 5) . Addition of N-N ligand 2 to complex 11 at 183 K caused extra line broadening of the H(12 a ) and H(12 b ) signals of which the rate 1/τ, measured on these signals, increased with increasing ligand concentration. However, no intermolecular ligand exchange occurred at 183 K, as the signals of the coordinated and noncoordinated nitrogen ligand remained sharp. When we increase the temperature, we also observe intermolecular exchange of the N-N ligand. Concentration-dependent measurements at 263 K showed that the rate 1/τ, measured on the Me-substituent of both complex 11 and the N-N ligand 2, is linearly dependent on the concentration of the ligand and complex. The 1/τ (Me) of the complex as a function of the ligand concentration goes through zero, implying that 1/τ (complex) ) k [2] .
Synthesis and Characterization of [RhCl(2-(C(H)dN-R 2 )-6-(Me)C 5 H 3 N)(NBD)]; R 2
) i-Pr (14), t-Bu (15), and p-Anisyl (16). Complexes 14- 16 have been prepared in quantitative yield by reaction of the corresponding ligands 2-4 with [RhCl(NBD)] 2 in dichloromethane (Scheme 2). Ligand coordination was obvious from the chemical shift differences between the free and coordinated ligands for both the N-N and the NBD ligands (Tables 2, 3 , 6, and 7).
The chemical shifts of the pyridine methyl hydrogen atoms H(5), the i-Pr hydrogen atoms H(6) and the i-Pr methyl atoms H(7), and the olefinic hydrogen atoms H(12), methine hydrogen atoms H(13), and the methylene hydrogen atoms H(14) of the NBD ligand of 14-16 are different from those of the ionic complexes 11-13. From the relevant 1 H and 13 C NMR chemical shifts collected in Tables 8 and 9 it is clear from the alkene chemical shifts that complexes 14-16 have a trigonal bipyramidal (TBP) structure in solution.
Fluxional Processes. At 183 K, the olefinic hydrogen atoms H(12) of complex 15 appear as two signals and not as four, as one might expect, since the olefinic hydrogen atoms H(12 a ), H(12 b ), H(12 c ), and H(12 d ) (Scheme 2) should all be inequivalent for a fivecoordinate TBP conformation if the geometry is analogous to the solid state structure of 14 (Figure 3 ). This is likely in view of the chemical shift values of the olefinic atoms (Tables 8 and 9 ). Also, the methine hydrogen atoms H(13 a ) and H(13 b ) appear as one signal, although two signals might be expected. The olefinic H(12) signals of complex 15 coalesced at 228 K with ∆G q ) -46 ( 2 kJ/mol. In the case of complexes 14 and 16, the olefinic hydrogen atoms H(12) already appeared as one signal at 183 K, indicating very fast dynamic processes even below this temperature.
The observed coalescence pattern for 15 at 183 K shows fast exchange between the N and N* sites Addition of free ligand 2 (0.5 and 2.0 equiv) to a solution of complex 14 had no effect on the number and line widths of the 1 H NMR signals of the free ligand 2 and of complex 14 at 183-298 K. It is therefore clear that in the case of these five-coordinate complexes, no exchange occurs between free and coordinated ligand, in contrast to what we have observed for the ionic fourcoordinate complex 11. Although complexes 14-16 are nonconducting in dichloromethane (see the Experimental Section), the possibility of Cl -exchange has to be taken into account for the higher temperature process. This has been strikingly demonstrated for a 1:1 mixture of the four-coordinate ionic complex 11 or 13 and the neutral five-coordinate complex 14 or 15, as the resulting spectra at 183 K and at room temperature showed a weighted average of the spectra of 11 and 14 and of 12 and 15, respectively, instead of the spectra of the separate species. It is clear that fast Cl -exchange must occur either via dissociation of a small amount of Clfrom the neutral complex or via an intermediate binuclear species with the Cl atom bridging between both Rh(I) atoms. Since chloride exchange will equilibrate all olefinic H(12) hydrogen atoms, it seems logical to assume that this is the main cause of the coalescence of the two olefinic H(12) signals to one in the temperature range from 228 K to room temperature in the case of complex 15, where R 2 is the bulky t-Bu group. In the case of the less bulky substituents i-Pr (complex 14) and p-anisyl (complex 16), chloride exchange is clearly easier, as at 183 K all four olefinic H(12) signals have already coalesced to one (Table 6) . (Tables 2, 3 , 10, and 11). These complexes did not react further at room temperature, in contrast to the 1,5-cyclooctadiene complexes (vide infra). Corresponding complexes with the N-N-N ligands 8 and 9 could not be prepared.
Synthesis and Characterization of [RhCl(2,6-(C(H)dN-R
Solid State Structures of 14 and 19. ORTEP plots at 50% probability level of 14 and 19, along with their adopted numbering scheme, are given in Figures 3 and  4 , respectively. Selected bond distances and angles have been collected in Table 12 for 14 and 19.
The geometries of 14 and 19 around rhodium may be described as a distorted TBP, with the two nitrogen donor atoms of the nitrogen ligand and one alkene bond of norbornadiene in the equatorial plane. The chloride atom and the second alkene bond of norbornadiene are coordinated in the axial position. The N(1)-Rh(1)-N(2) angles of 73.53(16)°for complex 14 and of 72.91(9)°for complex 19 are both rather small when compared to other metal diimine complexes. [16] [17] [18] The rhodium atom of complexex 14 and 19 lies 0.058(1) and 0.068(1) Å, respectively, out of the N(1), N(2), C(22)dC(23) plane. The angle between the line connecting the rhodium atom with the center of the axial C(25)dC (26) bond and the line connecting the rhodium atom with the Cl(1) atom in the TBP is 16.0°in 14 and 13.9°in 19.
In Table 13 reported bond lengths have been collected, for the sake of comparison, for square planar, square pyramidal, and trigonal bipyramidal rhodium norbornadiene complexes containing nitrogen ligands.
The Rh-Cl σ-bonds of 14 and 19, which are 2.3972(17) and 2.3888(9) Å, respectively, are both shorter than those reported for five-coordinate square pyramidal (SP) rhodium chloride complexes. 16 This indicates, as expected for a TBP structure, 19 a stronger Rh-Cl σ-bond in the TBP geometry than in the SP geometry.
Also, it is clear that in complexes 14 and 19, the π-back-bonding in the equatorial plane is stronger than that in the axial position, as indicated by the shorter Rh-C (olefinic) and longer C-C (olefinic) bonds for the equatorial alkene bond when compared to the longer Rh-C (olefinic) and shorter C-C (olefinic) bonds in the axial position. These features have also been observed for the TBP complexes [Rh(NBD)Tp Me )] 20 and [Rh-(NBD)(bis(indazol-1-yl)pyridin-2′-ylmethane))]PF 6 21 ( Table 13 ).
The Rh-N bond lengths in complexes 14 and 19 lie in the range from 2.248(4) to 2.283(3) Å and are comparable to the ones observed for rhodium(I) norbornadiene complexes with a TBP structure, but are 0.2 Å longer than those found for four-coordinate rhodium(I) norbornadiene compounds (Table 13) . As in the case of the five-coordinate palladium and platinum complexes [(N-N)Pd(alkene)X 2 ] reported by Albano et al., 22 the equatorial metal-nitrogen bonds in the TBP structures are longer than those in the corresponding fourcoordinate square planar complexes, which may be ascribed to two factors. 22 Firstly, the electronic saturation of the metal atom in five-coordinate complexes weakens σ-donation. Secondly, there is less favorable overlap between the donor orbitals and the relevant metal orbitals due to the N-metal-N angle. 22 Structure in Solution and Fluxional Behavior of 17-19. At 183 K, in CD 2 Cl 2 , the N-N-N ligands 5-7 in the complexes 17-19 are coordinated as bidentate ligands, as observed for 19 (see Figure 4) , which is clear from the inequivalency of the meta pyridine hydrogen atom H(2), the imine hydrogen atoms H(4), and the H(6) and H(7) atoms of the i-Pr group. Also, the shifts of the methyl hydrogen atoms of the t-Bu group H(7) of complex 18 and the hydrogen atoms H(7) and H(8) of the p-anisyl ring of complex 19 (see Table  10 ) indicate bidentate bonding with a dangling imine side arm, in accord with the molecular structure (vide supra). 13 C NMR measurements for complex 17 at 183 K (Table 11) showed inequivalent imine side arms and two 13 C signals for C(12) and one 13 C signal for C(13), in agreement with the 1 H NMR spectra at 183 K (Table  10) .
At this temperature of 183 K, the spectral features of the diene ligand are similar to the ones observed for complexes 14-16. In the case of complexes 17 and 18, the olefinic hydrogen resonances H(12) have split into two signals instead of four, while only one signal appeared for the methine atoms H(13) instead of two. In the case of 19, only one signal has been observed for the olefinic hydrogen atoms H(12) at 183 K. The fluxional processes that are responsible for this occurrence are clearly not due to intermolecular exchange of the N-N-N ligands, as addition of 0.5 equiv of free ligand to complex 18 had no effect at all on the 1 H NMR spectra in the range of 183-298 K.
In the temperature range of 183-218 K, the two olefinic H(12) hydrogen signals coalesced to one signal, while at the same time, the signals of the nonequivalent side arms coalesced for both complex 17 and 18. At room temperature, the 13 C NMR spectra also show the magnetic equivalence of the imine side arms and one C(12) signal, in accord with the 1 H NMR data. Furthermore, we have found that the addition of chloride anions caused the dissociation of the nitrogen ligands. As the analogous triflate complexes could not be prepared, it was not possible to investigate the existence of chloride exchange in analogy to complexes 14 and 15. Also, only chloride exchange would not explain the exchange of the coordinated and noncoordinated imine moieties. As a result, a more subtle mechanism has to occur (see the Discussion section).
In [RhCl(2,6-(C(H)dN-i-Pr) 2 C 5 H 3 N)(COD)] (20) was initially formed, as may be concluded from the 1 H NMR spectra at 230 K (Table 14) . The chemical shifts of the signals for the hydrogen atoms H(2), H(3), H(4), H(6), and H(7) are comparable to those found for complex 17 (Table 10) (21) was formed, which is probably a five-coordinate species, because the 1 H NMR spectrum of 21 (Table 14) at 213 K resembled the room temperature 1 H NMR spectrum of 18 (Table 10 ). It should be noted that in this case, with the bulky t-Bu group, the olefinic hydrogen atoms H(12) were observed as two signals at 223 K. Raising the temperature to the range of 233-273 K caused the equilibrium to move toward [RhCl(COD)] 2 and free ligand 6.
Addition of the N-N-N ligand 7 to [RhCl(COD)] 2 at 230 K gave a fast reaction, as the mixture turned instantly from yellow to purple affording complex [RhCl-(2,6-(C(H)dN-p-anisyl) 2 C 5 H 3 N)(COD)] (22). At 243 K, the 1 H NMR spectrum of 22 (Table 14) is analogous to the room temperature spectrum of 19 (Table 10) , indicating a similar structure. After 24 h at room temperature, no oxidative addition of dichloromethane had taken place, but instead, decomposition of 22 was observed.
[RhCl(COD)] 2 did not react with the N-N-N ligand 8, but did react with ligand 9 in two steps. It should be noted that when in the temperature range of 190-240 K, 2 equiv of ligand 9 was used for 1 equiv of [RhCl-(COD)] 2 and the dark green complex [Rh(2,6-(C(Me)dNp-anisyl) 2 C 5 H 3 N) 2 ]Cl (24) was initially formed (Scheme 5, Table 15 ) with unreacted [RhCl(COD)] 2 remaining in solution.
At 240 K, fluxional processes occurred for 24, e.g., as for H(7), a broad signal was observed. However, at 183 K, in the slow-exchange limit, one N-N-N ligand 9 coordinates as a terdentate ligand, as may be concluded from the 1 H NMR spectrum of H(2), which appeared as a doublet, and of H(5), which appeared as a singlet. The second N-N-N ligand 9 coordinates as a bidentate ligand, as H(2) appeared as two separated doublets, which is in accord with the observation that H(5) also occurs as two well-separated signals (Table 15) .
Increasing the temperature of the reaction mixture to 273 K caused the dark green complex 24 to react with excess [RhCl(COD)] 2 to form the green square planar rhodium complex [RhCl(2,6-(C(Me)dN-p-anisyl) 2 C 5 H 3 N)] 25 (Scheme 6), which was not isolated from the mixture but identified by comparison with an authentic sample. 1 13 C NMR measurements could not be carried out because of the instability of the relevant intermediates.
A further temperature increase to 298 K gave, as expected, oxidative addition of dichloromethane yielding the orange chloromethyl complex [RhCl 2 (CD 2 Cl)(2,6-(C(Me)dN-p-anisyl) 2 C 5 H 3 N)] (26), of which the isolation and characterization have been described elsewhere. 1 It should be noted that Rh(III) complexes 
by reacting [RhCl(alkene) 2 ] 2 (alkene ) ethene, cyclooctene) with the corresponding N-N-N nitrogen ligands. 1 These apparently highly nucleophilic complexes rapidly underwent oxidative addition of substrates containing C-Cl bonds. 1 However, no reaction was observed with H 2 and alkenes, even under high pressure, or when the complex contained good leaving groups X -. We considered this rather remarkable and focused our attention, therefore, on stabilizing rhodiumalkene bonds by a different route. Since reaction of [RhCl(ethene) 2 ] 2 with the N-N-N ligands easily led to substitution of ethene, we used more strongly bonding alkenes like COD and the more rigid NBD in the starting compound so that rupture of the RhCl 2 Rh bridge would dominate over alkene substitution. We indeed observed that reaction (Scheme 3) of [RhCl-(NBD)] 2 with the N-N-N ligands 5-7 afforded 17-19, which for 19 was shown to have a distorted TBP structure in the solid state (Figure 4) . From the singlecrystal X-ray studies on 14 (Figure 3) and 19 (Figure  4) , it is clear that not only the N-N ligand in 14 but also the N-N-N ligand in 19 is bonded as a bidentate ligand with the pyridyl N-atom and one imine N-atom bonded to Rh(I) in the equatorial plane. The NBD ligand is bonded as a bidentate ligand with one alkene bond in the equatorial plane and the other alkene bond in an axial position; the other axial position is occupied by the chloride atom. The long Rh-N bonds and the small N-Rh-N bite angles are typical for these complexes, although both N-atoms are in the equatorial plane. 22 It is clear that this five-coordinate geometry is stabilized by steric bulk close to the coordinated N-atoms, as rationalized extensively for Pd complexes. 22, 23 Although fluxional movements (vide infra) occur in all five-coordinate complexes reported here, it is clear from the alkene chemical shifts at higher and lower temperatures that the TBP geometry is the ground state conformation also in solution (Table 8 and 9 ). It is interesting to note that these five-coordinate NBD complexes 17-19 did not react further, which allowed us to study their dynamic behavior (vide infra).
However, in the case of reactions of [RhCl(COD)] 2 , it turned out that the intermediates and products that were observed depended strongly on the R 1 and R 2 substituents of the N-N-N ligands 5-9, as discussed in the Results section.
In view of these and previous results, 1 we suggest the tentative general reaction scheme shown in Scheme 7. In step i, the chloride bridge is ruptured with formation of the five-coordinate NBD complexes 17-19 and COD complexes 20-22. The reaction sequence now proceeds with step ii, which involves substitution, but only for COD, to give complex 24 with R 1 ) Me and R 2 ) p-anisyl which, in the presence of [RhCl(COD)] 2 at 273 K, afforded the planar 25 (step iii), and subsequently at 298 K converted to 26 (step iv).
Fluxional Processes. In order to look more closely into the origins of the dynamic behavior of complexes 17-19, the new compounds 14-16 (Scheme 2) have been prepared, which turned out to have very similar variable temperature 1 H NMR spectra. In addition, the ionic complexes 10-13 (Scheme 1 and Figure 1 ity, we commence our discussion with the ionic complexes. The unusually dark colored compound 10 is unfortunately rather insoluble, but it was possible to observe for the bpm ligand that the H(2) and H(2′) hydrogen atom signals, which are inequivalent at 183 K, merge and become magnetically equivalent at 293 K (Figure 2 ). This process may be due, if it is intramolecular, to the mechanism proposed by Pregosin et al. 24 and Bäckvall and Gogoll, 25 which involves intermediates with monodentate bpm ligands as shown in Scheme 8. We have also found that an intermolecular exchange of bpm occurred when free bpm was added, but owing to the low solubility, the kinetics of the reaction could not be investigated. Therefore, it was interesting to study the square planar complex 11 with and without extra N-N ligand 2. At 183 K, the H(12 a ) and H(12 b ) signals of the NBD ligand, which are already broadened, are observed separately at 4.08 and 4.64 ppm (Table 4) , while at 195 K, they have coalesced to one signal at 4.45 ppm. As 103 Rh-H coupling is observed for the H-atom on the imine C-atom between 195 and 293 K and on the H(12) of NBD, an intramolecular process occurs in the absence of free ligand. However, addition of free ligand at 183 K causes extra broadening of the H(12 a ) and H(12 b ) signals; this process has been shown to be ligand dependent, but without intermolecular ligand exchange, as the ligand and free ligand signals remain sharp. Therefore, it appears likely that the added N-N ligand 2 coordinates temporarily to the rhodium complex. The resulting five-coordinate intermediate exchange of H(12 a ) and H(12 b ) may now occur via Berry-type pseudorotational processes. In this respect, it is interesting that slight amounts of Cl -or acetone may also enhance the alkene site-exchange rates of complex 2, probably via five-coordinate intermediates. [26] [27] [28] [29] [30] However, intermediates with monodentate ligands are also possible in the light of mounting evidence for N-N ligands. 24, 25, 31 When we increase the temperature, intermolecular ligand exchange becomes feasible, but at lower rates than the previous process. The intermolecular ligand exchange could be measured quite precisely by studying the inverse of the lifetime (1/τ) at 263 K on the signals of the methyl substituent of the coordinated and noncoordinated nitrogen ligand 2 as a function of the concentrations of both ligand 2 and complex 11. The 1/τ (complex) versus ligand concentration line goes through the zero point of this 1/τ axis, indicating the virtual absence of a ligand independent pathway for intermolecular ligand exchange (see the Results section). At high ligand concentrations, a small signal of the imine proton appears at 9.93 ppm. This species might be [Rh(NBD)(2-(C(H)dN-i-Pr)-6-(Me)C 5 H 3 N) 2 ]-OTF with two monodentate bonded N-N ligands 2, which are coordinated via the pyridine N-atoms. The high-chemical shift value may be rationalized when the imine protons of the two ligands are situated below and above the coordination plane. 31, 32 The five-coordinate complexes 15, which contains N-N ligand 3, and 17 and 18, which contain the N-N-N ligands 5 and 6, respectively, show only two vinyl H(12) signals instead of four and one methine H(13) signal instead of two (Tables 6 and 10) in the 1 H NMR spectra at 183 K. In all other cases (complexes 14, 16, and 19), only one H(12) signal has been observed at 183 K indicating that we are dealing with very low energy pathways. Although no 103 Rh-H coupling constant could be found on the imine hydrogen atom for any of these five-coordinate complexes, we can exclude intermolecular ligand exchange in the temperature range from 183 to 298 K, as the free ligand signals remain sharp for mixtures of the complex and the free ligands (see the Experimental Section). Also, this lowtemperature process cannot be explained by Cl -exchange processes, as models show that the dissociation of Cl -and the subsequent reassociation of the anion to the ionic planar four-coordinate intermediates would always lead to the equilibration of the four vinyl H(12) protons, which is definitely not occurring for 15, 17, and 18 at 183 K. Although complex 14 with R 2 ) i-Pr could not be used for the study of the behavior of this group, the four expected H(12) signals have already coalesced to one signal at 183 K; we were fortunate to have complex 17 with R 2 ) i-Pr. It is very interesting to observe that at 183 K, the N-N-N ligand of 17 is bonded as a bidentate ligand (Scheme 3) with inequivalent i-Pr groups. However, and this is important, the two methyl groups on each i-Pr group are enantiotopic on the NMR time scale, while four diastereotopic methyl groups would have been expected for the TBP geometry, which is clearly the ground state conformation in solution (Scheme 3, Tables 8 and 10) .
At this stage it is useful to consider some topological points before the possible physical movements of the ligands are explained. We may imagine, firstly, a mirror plane through the Rh-Cl axis and the midpoints of the coordinated alkene bonds that is caused by the interchange of the N and N* sites on the NMR time scale at 183 K ( Figure 5 ). This site exchange would equilibrate H(12 a ) with H(12 b ), H(12 c ) with H(12 d ), and also the methine protons H(13 a ) and H(13 b ). When we now consider the possible physical movements, we should note that a simple turnstile rotation would give two H(12) signals and one methine H(13) signal as H(12 a ) interchanges with H(12 c ), H(12 b ) with H(12 d ), and further H(13 a ) with H(13 b ). However, this would not lead to the equilibration of diastereotopic Me groups on each i-Pr substituent to enantiotopic Me groups, and therefore, a turnstile rotation is not occurring.
It is very interesting to note that in the case of [Rh(Me)(NBD)(PMe 2 Ph) 2 ], which also has a TBP structure with the two phosphine ligands in the equatorial plane, an axial-equatorial exchange of the alkene bonds occurred via Berry pseudorotational movements or via a turnstile mechanism. 33 However, over the whole temperature range studied, site exchange of the two equivalent phosphines definitely did not occur, as the two methyl groups on each P-atom remained diastereotopic. This is, therefore, in contrast to our case where the methyl groups on each inequivalent i-Pr group became enantiotopic.
As for complex 17, neither a turnstile mechanism around the arrow in Figure 5 nor the Berry pseudorotational movement proposed by Shapley and Osborn is possible, 33 so we suggest that the variable temperature NMR data can be rationalized by a process involving a monodentate coordinated nitrogen ligand. This would lead, in principle, to two planar intermediates A and B for 17 and 18 (Figure 6 ).
In the case of A, where the imine N*-atom remains bonded to the Rh-atom, rotation of 180°about the Rh-N* bond and association of the pyridyl N-atom to Rh would indeed lead to N-N* exchange. Intermediate B is not possible for 17 and 18 since, when the pyridyl N-atom is only bonded to Rh, there would be two dangling imine side arms which, as they have equal chance to become bonded to Rh, would equilibrate both side arms, which is definitely not observed for 17 and 18 at 183 K.
So, with the mirror plane through the Rh-Cl axis and the midpoints of the coordinated alkene bonds, site exchange of N and N* can only occur via a monodentate bonded N-N* ligand via intermediate A in which only the imine N is bonded ( Figure 6 ).
As a second topological alternative, we may visualize, on the NMR time scale, a mirror plane in the equatorial plane (Figure 7 ). We must then have an exchange between species C and D, which explains that the two methyl groups on each i-Pr group are enantiotopic while the two i-Pr groups remain inequivalent. It is obvious that we do not need to assume an intermediate monodentate nitrogen ligand, although this is not excluded. However, the axial chloride atom must move to the opposite axial position. A turnstile mechanism is again not possible. A possible pathway has been described by Shapley and Osborn, 33 Scheme D in their publication, which involves a permutation of the Cl-atom and both alkene bonds via a movement of the Cl-atom from one face to another of the pseudotetrahedral conformation of the other ligands. In this way, the coalescence from four to two signals may be rationalized and at the same time the interchange of N and N* sites. This last mechanism appears, however, to be a rather difficult one, and therefore, we prefer the mechanism shown in Figure 6 with A as the intermediate, which just involves exchange of N and N* via a monodentate intermediate. In light of the present knowledge 24, 25, 34 and in view of our results, this is a very reasonable mechanism. At higher temperatures, there is also a second dynamic process occurring in these five-coordinate complexes 15, 17, and 18. In the case of complex 15 (Scheme 2), the two olefinic H(12) hydrogen atom signals observed at 183 K coalesced to one signal at 228 K with a ∆G q of 46 kJ/mol, while for 14 with R 2 ) i-Pr and 16 with R 2 ) p-anisyl, the olefinic hydrogen atoms H(12) appeared at 183 K as one signal already. We have found that this equilibration is clearly due to chloride exchange. This has been nicely corroborated by the observation that a 1:1 mixture of ionic and fivecoordinate complexes gave an 1 H NMR spectrum at 183 K with signals appearing at the weighted mean of those of the two complexes for both R 2 ) t-Bu (12 and 15) and R 2
) i-Pr (11 and 14) with one signal for the H(12) protons. This chloride exchange probably proceeds via a binuclear chloride species (Figure 8 ). The process is faster for this 1:1 mixture of neutral 15 and ionic complex 12 than for the neutral five-coordinate complex 15 only. This is obvious as the concentration of the neutral chloride-donating complex is much higher for the 1:1 mixture than the concentration of dissociated Cl -when only neutral complex is present, as also corroborated by the nonconductivity of complexes 14-16 (see the Experimental Section).
In order to form the binuclear intermediate shown in Figure 8 , it appears logical to assume that the TBP conformation of complex 15 converts to square pyramidal conformation with the chloride atom on the axial position. This can be done by taking one of the bonded N-atoms as a pivot. After one pseudorotation, not only the diene spans an equatorial and an axial site but also the N-N* ligand. This will be a low-energy process as the ideal angle in this conformation is 90°instead of the 120°angle in the equatorial plane. If we now take the chloride anion, which is now on an equatorial position as a pivot, a square pyramidal intermediate conformation will result with the chloride on the axial position, as is needed for the formation of the binuclear intermediate (Figure 8 ).
In the case of the analogous complexes 17 and 18, the two H(12) proton signals merge to one signal in the range from 183 to 218 K. However, a crucial observation is also that the signals of the inequivalent protons on the bidentate bonded N-N-N ligand coalesced, and with apparently the same ∆G q of 40 ( 2 kJ/mol, showing that the bonded and nonbonded imine side arms interchange their sites. We have attempted to prepare ionic triflate complexes but without any success; therefore, we cannot provide evidence for chloride exchange. It was not possible to study chloride exchange by adding excess Cl -as the added Cl -replaced the N-N-N ligand on the complexes. Even if we had evidence for chloride exchange, e.g., via a binuclear intermediate of the type shown in Figure 9 , this would not explain the imine N site exchange for 17 and 18, while it would only explain the coalescence of the two olefinic H(12) signals to one. Whatever the mechanism, it must involve intermediates in which the imine side arms preferably take up equivalent positions, as shown for the intermediates E and F in Figure 9 where F is in fact the same as B in (Table 15) at 183 K, a dynamic exchange process occurs between both coordination modes which equilibrates both ligands at 240 K. Furthermore, intermediate F would lead to equilibration of the side arms but not to equilibration of the H(12) signals to one signal, but to two, if we do not exchange the alkene positions at the same time.
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